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1.0 INTRODUCTION 

Wind e ros ion  c o n s t i t u t e s  a f u g i t i v e  dus t  entrainment mechanism d i s t i n c t l y  
d i f f e r e n t  f rom t h e  mechanical entrainment mechanisms associated w i t h  t h e  o the r  
f u g i t i v e  dust  sources discussed i n  AP-42 Sect ion 11.2. While emissions from 
t h e  o the r  sources can occur under very l i g h t  breezes o r  even i n  t h e  absence o f  
winds, s i g n i f i c a n t  wind eros ion  emissions occur on ly  a t  wind speeds above a 
" th resho ld"  value. Moreover, t h e  r a t e  o f  wind eros ion  i s  s t rong ly  wind speed 
dependent above t h e  th resho ld  value. These phenomenon are w ide ly  documented 
i n  the  c l a s s i c a l  s tud ies  o f  a g r i c u l t u r a l  wind erosion. 

Thus, i n  the  es t imat ion  o f  wind-generated emissions, t h e  p r o b a b i l i t y  t h a t  
t h e  wind speed exceeds a threshold v e l o c i t y  dur ing  the averaging t ime o f  
i n t e r e s t  must be addressed. Note a l s o  t h a t ,  because t h i s  p r o b a b i l i t y  depends 
on t h e  averaging time, wind eros ion  emission f a c t o r s  must inc lude some t ime 
dependence. Emissions from o ther  f u g i t i v e  dust  sources i n  Sec t ion  11.2, 
however, can be est imated us ing  source a c t i v i t y  measures t h a t  are no t  un ique ly  
dependent on t ime (e.g., veh ic le  m i les  t raveled,  tons t rans fer red ,  etc.). 

1.1 UPWIND-DOWNWIND SAMPLING 

The f i r s t  emission f a c t o r  t o  appear i n  the  a i r  p o l l u t i o n  l i t e r a t u r e  f o r  
s torage p i l e  wind eros ion  incorporated a s i m p l i f i e d  approach t o  wind speed 
dependence. This  i s  l a r g e l y  a t t r i b u t a b l e  t o  the use o f  upwind-downwind 
sampling1 t o  measure windblown suspended p a r t i c u l a t e  emissions from a g i ven  
q u a n t i t y  o f  s to red  aggregate ma te r ia l .  Th is  method r e l i e s  on the  use o f  an 
atmospheric d i spe rs ion  model t o  back-ca lcu late the  emission r a t e  which 
produces t h e  p a t t e r n  o f  p a r t i c u l a t e  concentrat ions measured i n  the  v i c i n i t y  o f  
t h e  eroding surface. Usual ly  the  sur face i s  represented e i t h e r  as a v i r t u a l  
p o i n t  source o r  as a un i fo rm ly  e m i t t i n g  area source, and wind cond i t i ons  are 
assumed constant  and unaf fec ted  by t h e  presence o f  the source. The e r r o r s  
a t t r i b u t a b l e  t o  these s i m p l i f y i n g  assumptions are more s i g n i f i c a n t  f o r  s torage 
p i l e s  and increase w i t h  increas ing p i l e  he igh t .  

The upwind-downwind method i s  beset w i t h  p r a c t i c a l  d i f f i c u l t i e s  f o r  t h e  
study o f  wind erosion, i n  t h a t  the onset o f  e ros ion  and i t s  i n t e n s i t y  are 
beyond the  c o n t r o l  o f  the  i nves t i ga to r .  As an i l l u s t r a t i o n  o f  t h i s  p o i n t ,  two 
w ide ly  c i t e d  emission f a c t o r s  f o r  coa l  p i l e  wind eros ion were bo th  developed 
from upwind-downwind sampling under l i g h t  wind condi t ions.  The f a c t o r  
developed by Blackwood and Wachterz was based on f o u r  t e s t s  o f  a coa l  p i l e  
w i t h  wind speeds ranging from 1.5 t o  2.7 m/sec (3.4 t o  6.0 mph). The emission 
f a c t o r  developed by PEDCo Environmental3 f o r  coal p i l e  wind eros ion  and 
maintenance a c t i v i t i e s  a t  western sur face coal  mines was based on 16 t e s t s  o f  
t h r e e  p i l e s  w i t h  wind speeds ranging f rom 0.2 t o  3.4 m/sec (0.5 t o  7.6 mph). 
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These upwind-downwind s tud ies  o f  coal  p i l e  e ros ion  were used t o  de r i ve  
emission f a c t o r  equat ions accounting fo r  t h e  dependence o f  emission r a t e  on 
wind speed. I n  bo th  equations, e ros ion  r a t e  was depic ted as a t ime indepen- 
dent f u n c t i o n  o f  wind speed over t h e  f u l l  range o f  nonzero wind speed v a l -  
ues. However, as s ta ted  above, t h i s  i s  i ncons is ten t  w i t h  t h e  c l a s s i c a l  f i e l d  
s tud ies  o f  a g r i c u l t u r a l  wind erosion, which have shown t h a t  the  e ros ion  r a t e  
i s  n e g l i g i b l e  below a th resho ld  wind speed4 and i s  a f u n c t i o n  o f  wind speed 
above t h e  th resho ld  value. 

The emission f a c t o r  equat ion c u r r e n t l y  appearing i n  Sec t ion  11.2.3 f o r  
storage p i l e  wjnd eros ion  was developed from upwind-downwind t e s t i n g  o f  an 
a c t i v e  s torage area a t  a sand and g rave l  p lan t .  However, a c o r r e c t i o n  f a c t o r  
accounting f o r  t h e  frequency t h a t  the  wind speed exceeded t h e  th resho ld  v a h e  
(assumed t o  be 12 mph) was included. I n  o the r  words, according t o  t h e  equa- 
t i o n ,  no eros ion  occurs a t  wind speeds below 12 mph, and t h e  e ros ion  r a t e  i s  
constant (independent o f  wind speed) f o r  wind speeds above 12 mph. 

1.2 WIND TUNNEL SAMPLING 

An a l t e r n a t i v e  approach t o  upwind downwind sampling i n  developing 
emission f a c t o r s  f o r  wind eros ion  e n t a i l s  t h e  use o f  a po r tab le  open-f loored 
wind tunnel  f o r  i n  s i t u  measurement o f  dust  emi t ted from rep resen ta t i ve  t e s t  
p i l e  surfaces under predetermined wind condi t ions.  I n  e f f e c t ,  t h e  
experimental problem i s  d i v ided  i n t o  two par ts :  de termina t ion  o f  t h e  
r e l a t i o n s h i p  between t h e  r a t e  o f  windblown dust  emissions and the  phys i ca l  
parameters which en ter  i n t o  the  wind eros ion  process; and ana lys i s  o f  wind 
f l ow  p a t t e r n s  around storage p i l e s .  

The wind tunnel  method r e l i e s  on a s t ra igh t fo rward  mass balance technique 
f o r  c a l c u l a t i o n  o f  emission ra te .  By sampling under l i g h t  ambient wind 
condi t ions,  background in te r fe rences  from upwind eros ion  sources can be 
avoided. Al though a p o r t a b l e  wind tunne l  does n o t  generate t h e  l a r g e r  sca les 
o f  t u r b u l e n t  mot ion found i n  t h e  atmosphere, the  t u r b u l e n t  boundary l a y e r  
formed w i t h i n  t h e  tunne l  s imulates the smal ler  scales o f  atmospheric 
turbulence. It i s  t h e  smal ler  sca le turbulence which penetrates the  wind f l o w  
i n  d i r e c t  con tac t  w i t h  t h e  p i l e  sur face and con t r i bu tes  t o  the  p a r t i c l e  
entrainment mechanisms.5 

I n  an e a r i y  f i e l d  study us ing  a p o r t a b l e  wind tunne l  t o  measure suspended 
p a r t i c u l a t e  emissions generated by wind eros ion  o f  a coa l  storage p i l e ,  
Cowherds repo r ted  t h a t  the  r a t e  o f  e ros ion  decreased sharp ly  w i t h  t ime a t  
f i x e d  wind speeds above the  th resho ld  values. Th is  meant t h a t  s teady-state 
e ros ion  cou ld  no t  be sustained a t  a f i x e d  wind speed because o f  the  f i n i t e  
a v a i l a b i l i t y  o f  e r o d i b l e  p a r t i c l e s  on t h e  coal p i l e  surface, i n  t h e  absence o f  
any mechanical d is turbance of t h e  surface. This  seemed t o  add a new l e v e l  o f  
compl ica t ion  t o  t h e  development o f  emission f a c t o r s  f o r  bu lk  aggregate 
mater ia ls ,  which t y p i c a l l y  con ta in  a l a r g e  p ropor t i on  o f  nonerodib le  elements 
which tend t o  s t a b i l i z e  surfaces. 
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P 1.3 PERTINENT TEST REPORTS 

Using the c r i t e r i a  specified i n  Section 3 of the previously submitted 
companion f ina l  report ,  f i ve  documents containing f i e l d  t e s t  data on w i n d  
erosion were ident i f ied.  These reports a re  l i s t ed  i n  Table 1. I n  a l l  cases, 
the wind tunnel  sampl ing  method was used to  generate f i e l d  data  on wind  
erosion from open storage p i les  and exposed areas. Test Report 1 i s  a 
symposium paper which contained supplementary analysis of data from the 
primary data  source (Test Report 2 ) .  Test Report 5 comprises an abbreviated 
presentation i n  the form o f  a symposium paper w i t h  no reference to  a more 
comprehensive report .  I n  the sections below, each report i s  discussed i n  
terms of (a)  f i e l d  sampl ing  methodology, and ( b )  the types and locations of 
t e s t  sites. 

-I 
T 
1, 
a 
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TABLE 1. PRIMARY TEST REPORTS 

No. Reference 

1 Cowherd, C . ,  Jr. ,  " A  New Approach t o  Es t ima t ing  Wind- 
Generated Emissions from Coal Storage P i l es , "  Presented 
a t  t h e  APCA S p e c i a l t y  Conference on F u g i t i v e  Dust Issues 
i n  t h e  Coal Use Cycle, P i t t s b u r g h ,  PA, A p r i l  1983. 

2 A x e t e l l ,  K., and C. Cowherd, Jr., "Improved Emission Fac- 
t o r s  f o r  F u g i t i v e  Dust f rom Sur face Coal Min ing  Sources," 
Volumes I and 11, U.S. EPA, C i n c i n n a t i ,  OH, EPA-600/7-84- 
048, March 1984. 

and S tee l  P l a n t  Open Source F u g i t i v e  Emission Cont ro l  
Eva lua t ion , "  F i n a l  Report Prepared f o r  t h e  I n d u s t r i a l  
Environmental Research Laboratory ,  U.S.  EPA, Research 
T r i a n g l e  Park, NC (EPA Con t rac t  No. 68-02-3177, Work 
Assignment No. 4), August 31, 1983. 

ment," F i n a l  Report Prepared f o r  I n d u s t r i a l  C1 i e n t  
o f  Midwest Research I n s t i t u t e ,  Kansas City, MO, March 
1985. 

3 Cuscino, T.,  G. E. Mu lesk i ,  and C. Cowherd, Jr . ,  " I r o n  

4 Mulesk i ,  G. E., "Coal Yard Wind Eros ion  Measure- 

5 Connor, A. D . ,  T. E. McGuire, and M. S. Green f ie ld ,  "Ero- 
s i o n  T e s t i n g  by Por tab le  Wind Tunnel a t  an I r o n  and Stee l  
P lant , "  Presented a t  t h e  7 9 t h  Annual Meet ing o f  APCA, 
Minneapol is ,  MN, June 1986. 
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2.0 REVIEW OF TEST REPORTS 

Th is  sec t i on  summarizes the  f i v e  t e s t  repo r t s  i d e n t i f i e d  i n  Table 1. 

TEST REPORTS 1 AND 2 (1984) 

I n  Test Report 1, Cowherd repor ted  t h e  r e s u l t s  o f  the  wind tunnel  t e s t i n g  
o f  coal  p i l e s  a t  t h ree  western sur face coa l  mines under d ry  cond i t ions .  Other 
e r o d i b l e  m a t e r i a l s  tes ted  included overburden and scor ia .  F i e l d  t e s t i n g  was 
conducted i n  th ree  coa l  f i e l d s :  Powder R iver  Basin (Mine l ) ,  North Dakota 
(Mine 2), and Four Corners (Mine 3). A pu l l - t h rough  wind tunne l  wi th  a 30-cm 
by 3.5-m open-f loored t e s t  area was used f o r  t h i s  study. The tunne l  e f f l u e n t  
was drawn through an emissions sampling module from which p a r t i c u l a t e  samples 
were c o l l e c t e d  i s o k i n e t i c a l l y  and separated i n t o  aerodynamic p a r t i c l e  s i z e  
f r a c t i o n s .  Fur ther  d e t a i l  on the  des ign o f  the  wind tunnel  and the  emissions 
sampling module i s  descr ibed i n  the  pr imary data source (Test Report 2). 

2.1 

The l o s s  o f  e r o d i b l e  ma te r ia l  (g/m) wh ich 'occur red  du r ing  a t e s t  was 
f o  1 1 ows : ca lcu la ted  as 

where: C =  

Q =  
t =  
A =  

t ime averaged p a r t i c u l a t e  concent ra t ion  i n  tunnel  e x i t  stream 
( a f t e r  sub t rac t i on  o f  i n l e t  concentrat ion) ,  g/m3 
tunnel  f l o w  ra te ,  m3/sec 
du ra t i on  o f  sampling, sec 
exposed t e s t  area = 0.918 m2 

P r i o r  t o  each t e s t  ser ies,  t h e  t e s t  sec t i on  o f  the  tunnel  was p laced 
d i r e c t l y  on t h e  se lected t e s t  surface. Care was taken n o t  t o  d i s t u r b  any 
n a t u r a l  c r u s t  t h a t  might be present. Locat ion o f  a s u i t a b l e  t e s t  sur face  was 
aided by t h e  f a c t  t h a t  t h e  t e s t  p i l e s  tended t o  be l a r g e  f l a t  areas. With t h e  
tunnel  i n  place, t h e  a i r f l o w  was g radua l l y  increased up t o  t h e  th resho ld  f o r  
t h e  onset o f  wind eros ion  and then reduced s l i g h t l y .  A t  t h e  subthreshold 
f low, a wind speed p r o f i l e  was measured. 

The wind speed p r o f i l e  near the  t e s t  sur face ( tunnei  f l o o r )  was found t o  
f o l l o w  a l oga r i t hm ic  d i s t r i b u t i o n :  

* 
Z u(z )  = - I n  - 0.4 zo 
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where: u = wind speed, cm/sec 
u* = f r i c t i o n  v e l o c i t y ,  cm/sec 
z = he igh t  above t e s t  surface, cm 

zo = roughness height ,  cm 

The roughness he igh t  o f  each t e s t  sur face was determined by e x t r a p o l a t i o n  
of t h e  wind speed p r o f i l e  near the  sur face t o  u (z  )=O. The ca l cu la ted  
roughness h e i g h t  al lowed f o r  l a t e r  conversion o f  the  tunne l  c e n t e r l i n e  wind 
speed t o  t h e  equ iva len t  wind speed a t  a standard 10 m he igh t  us ing  the  
l oga r i t hm ic  wind speed p r o f i l e .  

On near l y  a l l  o f  the  surfaces tested,  emission r a t e s  a t  cons tan t  wind 
speeds were found t o  decay sharp ly  w i t h  t ime due t o  t h e  presence o f  non- 
e r o d i b l e  elements on the  surface. An except ion was the sandy t o p s o i l  t es ted  
a t  Mine 3; i n  t h a t  case, an increase i n  emission r a t e  was observed, probably  
because o f  the  entrainment e f f e c t  o f  i n f i l t r a t i o n  a i r  as t h e  loose s o i l  sur- 
face receded below t h e  sides o f  the  wind tunnel .  

Consis tent  w i t h  these r e s u l t s ,  i t  was hypothesized t h a t  t h e  l oss  r a t e  
f rom most surfaces i s  p ropor t i ona l  t o  the  amount o f  e r o d i b l e  m a t e r i a l  r e -  
mai n i n g  : 

dM 
d t  
- = -kM 

where: M = q u a n t i t y  o f  e rod ib le  m a t e r i a l  present on the  sur face a t  any 
time, g/m2 

k = constant,  sec-1 
t = cumulat ive eros ion  time, sec 

I n t e g r a t i o n  o f  Eq. (3 )  y i e lds :  

- k t  M = Moe 

( 3 )  

(4)  

where: Mo = e ros ion  p o t e n t i a l ,  i.e., quan t i t y  o f  e rod ib le  m a t e r i a l  
present  on the  sur face be fore  the  onset o f  erosion, g/mZ 

I n  support  o f  t h i s  model, t h e  cumulat ive eros ion  l oss  a t  a f i x e d  wind speed 
was found t o  asympto t i ca l l y  approach a l i m i t i n g  value. 

Consis tent  w i t h  Eq. (4) ,  the  eros ion  p o t e n t i a l  was ca l cu la ted  from t h e  
losses o f  e r o d i b l e  ma te r ia l  from t h e  t e s t  sur face f o r  two eros ion  times: 
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where: L1 = l o s s  du r ing  t ime pe r iod  0 t o  t,, g/m2 
L 2  = loss  du r ing  t ime pe r iod  0 t o  t2, g/m2 

An i t e r a t i v e  procedure was requ i red  t o  c a l c u l a t e  e ros ion  p o t e n t i a l  from 
Eq. ( 5 )  a f t e r  s u b s t i t u t i o n  o f  two cumulat ive l oss  values and e ros ion  t imes 
obtained from back-to-back t e s t i n g  o f  t h e  same surface. 

Table 2 l i s t s  the  s i t e  and sampling parameters f o r  the  wind tunnel  t e s t s  
a t  western sur face coal  mines. Also g iven are the  ca l cu la ted  values o f  ero- 
s ion  p o t e n t i a l  c l a s s i f i e d  by e r o d i b l e  sur face type  and by wind speed a t  t h e  
tunnel  cen te r l i ne .  SP (suspended p a r t i c u l a t e )  denotes p a r t i c l e s  equal t o  o r  
smal ler  than 30 pm i n  aerodynamic diameter, and I P  ( i nha lab le  p a r t i c u l a t e )  
denotes p a r t i c l e s  equal t o  o r  smal ler  than 15  Vm i n  aerodynamic diameter. 

2.2 TEST REPORT 3 (1983) 

I n  Test Report 3, Cuscino e t  a l .  repor ted  the  r e s u l t s  o f  wind tunne l  
t e s t i n g  a t  two in teg ra ted  i r o n  and s t e e l  p l a n t s  i n  Ohio and Indiana. The 
f o l l o w i n g  t e s t s  o f  uncon t ro l l ed  emissions were performed us ing the  wind tunne l  
method: 

- Fourteen t e s t s  o f  wind eros ion  from coal storage p i l e s  

Two t e s t s  o f  wind eros ion  from an a c t i v e  exposed area 

One t e s t  o f  wind eros ion  from an i n a c t i v e  exposed area - 
The des ign o f  t h e  po r tab le  wind tunnel  and the  emission sampling meth- 

odology were t h e  same as descr ibed above. However, s ing le  i n teg ra ted  samples 
o f  longer  du ra t i on  were used i n  p lace  o f  back-to-back samples t o  determine 
eros ion  p o t e n t i a l  a t  a g iven  wind speed. 

Test  p l o t s  a t  the  two p l a n t s  were formed by p l a n t  personnel. A t  t h e  Ohio 
p lan t ,  a smal l  l e v e l  area f o r  uncont ro l led  t e s t i n g  was formed from t h e  steam 
coal  storage p i l e  w i t h  a bu l ldozer .  

A t  t h e  Ind iana p lan t ,  the  t e s t  p l o t  was prepared by having a f ront -end 
loader  form a l a y e r  o f  coal  approximately 12 m by 15 m by 15 cm (40 ft by 
50 f t  by 6 in.) i n  an area o f  the  coal  yard  which was no t  h e a v i l y  t rave led .  
The use o f  a f ront -end loader  a t  t h e  Ind iana p l a n t  
sur face which was n o t  representa t ive  o f  p i l e s  i n  the  
some t e s t  areas w i t h i n  t h e  p l o t  were a l s o  prepared by 
a shovel. 

r e s u l t e d  i n  a compacted 
p lan t .  For t h i s  reason, 
t u r n i n g  t h e  s u r f  ace wi th 
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Table 3 l i s t s  the s i t e  and sampling parameters for  the w i n d  tunnel t e s t s  
a t  the midwestern s teel  plants. Also given are the calculated values of ero- 
sion potential  c lass i f ied by erodible surface type and by w i n d  speed a t  the 
tunnel centerline.  TP  denotes total  airborne par t iculate  matter; IP ( inhal-  
able par t icu la te  matter) denotes par t ic les  equal t o  o r  smaller than 15 pm i n  
aerodynamic diameter; and FP ( f ine  par t iculate  matter) denotes par t ic les  equal 
t o  o r  smaller than 2.5 pm aerodynamic diameter. 

2.3 TEST REPORT 4 (1985) 

I n  Test Report 4 ,  Muleski reported the resu l t s  of w i n d  tunnel tes t ing  a t  
an eastern power plant. Nine t e s t s  of wind generated emissions from coal 
surfaces were performed. The design of the portable wind tunnel and the 
emission sampling methodology were the same as described above (Section 
2.1).  However, single integrated samples of longer duration were used i n  
place of back-to-back samples t o  determine erosion potential a t  a given wind  
speed. 

Table 4 lists the si te and sampling parameters for  the wind tunnel tests 
a t  the power plant. Also given are the calculated values of erosion potential  
c lass i f ied  by erodible surface type and by w i n d  speed a t  the tunnel center- 
l ine.  TP denotes to ta l  par t iculate  matter; S P  denotes suspended par t icu la te  
matter consisting of par t ic les  equal t o  or smaller than 30 um i n  aerodynamic 
diameter; I P  denotes inhalable par t iculate  matter consisting of par t ic les  
equal t o  or  smaller than 15 pm i n  aerodynamic diameter: PM,, denotes thoracic 
par t icu la te  matter consisting of par t ic les  equal t o  o r  smaller than 10 pm i n  
aerodynamic diameter; and F P  denotes f ine  par t iculate  matter consisting of 
par t ic les  equal to  or  smaller than 2.5 pm i n  aerodynamic diameter. 

2.4 TEST REPORT 5 (1986) 

In Test Report 5 ,  Connor e t  a l .  reported the r e su l t s  of w i n d  tunnel 
tes t ing  a t  a Canadian steel  plant. The following t e s t s  of uncontrolled 
emissions were performed u s i n g  the wind  tunnel method: 

Twelve t e s t s  of  coal storage p i les  

Six t e s t s  of various exposed g round  areas w i t h i n  the plant 

The design o f  the  portable wind tunnel and the emission sampl ing  methodology 
were very similar t o  tha t  described above (Section 2.1) .  Single integrated 
samples of longer duration were used i n  place of back-to-back samples to  
determine erosion potential a t  a given wind  speed. However, only to t a l  
par t icu la te  emissions were determined, without any pa r t i c l e  s i ze  c lass i f ica-  
t ion.  

t e s t s  
a t  the Canadian steel plant. erosion 
potential  c lass i f ied  by erodible surface type and by wind speed a t  the tunnel 
center1 i ne. 

Table 5 l i s t s  the s i t e  and sampling parameters f o r  the wind  tunnel 
Also given are the calculated values of 
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3.0 EMISSION FACTOR DEVELOPMENT 

T h i s  section presents the rat ionale  f o r  recommendation of an emission 
factor  equation f o r  estimation of d u s t  emissions generated by w i n d  erosion of 
open aggregate storage p i les  and exposed areas w i t h i n  an industr ia l  f a c i l -  
i ty .  The recommended emission factor  i s  a refinement of that  o r ig ina l ly  
proposed i n  Test Report 1. 

3.1 FACTORS AFFECTING WIND EROSION 

Industrial  wind erosion sources typical ly  are characterized by 
nonhomogeneous surfaces impregnated w i t h  nonerodible elements (pa r t i c l e s  
larger than approximately 1 cm i n  diameter). Field tes t ing of coal p i l e s  and 
other exposed materials using a portable wind tunnel has shown tha t  ( a )  thres- 
hold wind speeds exceed 5 m/s (11 m p h )  a t  15 cm above the surface o r  10 m/s 
(22 mph) a t  7 m above the surface,  and (b)  part iculate  emission r a t e s  tend t o  
decay rapidly (half l i f e  of a few minutes) d u r i n g  an erosion event. In other 
words, these aggregate material surfaces are  characterized by f i n i t e  avail-  
a b i l i t y  of erodible material (mass/area) referred t o  as the erosion poten- 
t i a l .  Any natural crusting of the surface b inds  the erodible mater ia l ,  
thereby reducing the erosion potential .  

I f  typical values for  threshold wind speed a t  15 cm are corrected t o  
typical wind sensor height (7-10 m ) ,  the result ing values exceed the upper 
extremes of hourly mean wind speeds observed i n  most areas of the country. In  
other words, mean atmospheric wind  speeds are not suff ic ient  t o  sustain wind  
erosion from f l a t  surfaces of  the type tested.  However, wind gusts may 
quickly deplete a substantial portion of the erosion potent ia l .  Because 
erosion potential has been found t o  increase rapidly w i t h  increasing wind 
speed, estimated emissions should be related to  the gusts of  highest magni- 
tude. 

The routinely measured meteorological variable which best r e f l ec t s  the 
magnitude of w i n d  gusts is the f a s t e s t  mile. T h i s  quantity represents the 
wind speed corresponding to  the whole mile of wind movement which has passed 
by the 1-mile contact anemometer i n  the leas t  amount o f  time. Daily measure- 
ments of the f a s t e s t  mile are presented i n  the monthly Local Climatological 
Data ( L C D )  summaries. The duration of the f a s t e s t  mile, typical ly  about 2 m i n  
( for  a f a s t e s t  mile of 30 mph),  matches well w i t h  the half l i f e  of the erosion 
process, which ranges between 1 and 4 min.  I t  s h o u l d  be noted, however, that  
peak winds can s ignif icant ly  exceed the daily f a s t e s t  mile.? 

13 I 



The wind speed p r o f i l e  i n  the  sur face boundary l a y e r  i s  found t o  f o l l o w  a 
l oga r i t hm ic  d i s t r i b u t i o n :  

* 

where u = 
u* = 
z =  - 
zo - 
0.4 = 

- 
U Z u(z) = - I n  - ( z  > zo) 0.4 zo 

wind speed, cm/sec 
f r i c t i o n  v e l o c i t y ,  cm/sec 
he igh t  above t e s t  surface, cm 
roughness height ,  cm 
von Karman's constant,  dimensionless 

The f r i c t i o n  v e l o c i t y  (u*) i s  a measure o f  wind shear s t ress  on t h e  e r o d i b l e  
surface, as determined from the  slope o f  the  l oga r i t hm ic  v e l o c i t y  p r o f i l e .  
The roughness he igh t  (2,) i s  a measure o f  the  roughness o f  t h e  exposed sur face  
as determined from t h e  y - i n te rcep t  o f  t h e  v e l o c i t y  p r o f i l e ,  i.e., the  he igh t  
a t  which t h e  wind speed i s  zero. These parameters are i l l u s t r a t e d  i n  F igure  1 
f o r  a roughness he igh t  o f  0.1 cm. 

Emissions generated by wind eros ion  are a l s o  dependent on t h e  frequency 
o f  d is turbance o f  the  e rod ib le  sur face because each t ime t h a t  a sur face i s  
disturbed, i t s  e ros ion  p o t e n t i a l  i s  restored.  A dis turbance i s  de f ined as an 
a c t i o n  which r e s u l t s  i n  t h e  exposure o f  f resh surface ma te r ia l .  On a s torage 
p i l e ,  t h i s  would occur whenever aggregate ma te r ia l  i s  e i t h e r  added t o  o r  r e -  
moved from t h e  o l d  surface. A dis turbance o f  an exposed area may a l s o  r e s u l t  
from t h e  t u r n i n g  o f  sur face ma te r ia l  t o  a depth exceeding t h e  s i z e  o f  t h e  
l a r g e s t  pieces o f  ma te r ia l  present. 

3.2 PROPOSED E M I S S I O N  FACTOR 

The emission f a c t o r  f o r  wind-generated p a r t i c u l a t e  emissions from 
mixtures o f  e r o d i b l e  and nonerodible sur face ma te r ia l  sub jec t  t o  d is turbance 
may be expressed i n  u n i t s  o f  g/mZ-yr as fo l lows:  

N 

i = l  
Emission f a c t o r  = k 1 Pi ( 7 )  

where k = p a r t i c l e  s i z e  m u l t i p l i e r  
N = number o f  d is turbances per  year  
P i  = e ros ion  p o t e n t i a l  corresponding t o  t h e  observed ( o r  probable) 

f a s t e s t  m i l e  o f  wind f o r  the  i t h  per iod  between disturbances, 
g/m2 

The p a r t i c l e  s i z e  m u l t i p l i e r  ( k )  f o r  Equat ion 7 var ies  w i t h  aerodynamic par-  
t i c l e  s ize,  as fo l lows:  

14 
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AERODYNAMIC PARTICLE SIZE MULTIPLIERS FOR EQUATION 7 

< 30 pm < 15 pm < 10 pm < 2.5 pm 

1.0 0.6 0.5 0.2 

T h i s  d i s t r ibu t ion  of par t ic le  size within the < 30 um f ract ion is  comparable 
t o  the d is t r ibu t ions  reported f o r  other fugi t ive  dust sources where wind  speed 
i s  a factor.  This i s  i l l u s t r a t ed ,  f o r  example, in the dis t r ibut ions for  batch 
and continuous d r o p  operations encompassing a number of t e s t  aggregate materi- 
a l s  (see AP-42 Section 11.2.3). 

In calculating emission factors ,  each area of an erodible surface t h a t  i s  
subject t o  a d i f fe ren t  frequency of disturbance should be treated sepa- 
ra te ly .  For a surface disturbed dai ly ,  N = 365/yr, and f o r  a surface 
disturbance once every 6 months, N = 2/yr .  

A generalized mathematical relationship for  the erosion potential  ( P )  of 
a typical aggregate material, as a function of the f r i c t ion  velocity above the 
threshold value (u*-ut*) can in  principle be derived from the data presented 
in Test Reports 1 t h r o u g h  4. 

The most re l iab le  values for  P come from the western Mine 3 t e s t  r e su l t s  
in  Test Reports 1 and 2 and from the eastern power plant t e s t  r e su l t s  i n  Test 
Report 4. These data, as shown i n  Table 6, formed the basis for  the erosion 
potential  function. The SP s i ze  f ract ion represented by these data r e f l ec t s  
potential  a i r  qual i ty  impact as  measured by the standard high-volume sam- 
pler.  The 50% cutpoint for  t h i s  sampler can range between 25 and 50 ,m i n  
aerodynamic diameter (pmA) depending on wind  speed and direct ion.  An 
effect ive cutpoint of 30 mA i s  usually assigned to  the standard high-volume 
samp 1 e r  . 

The Mine 1 and Mine 2 t e s t  resu l t s  contained in  Test Reports 1 and 2 are  
judged t o  be less  re l iab le  because a t  those two s i t e s  the appearance of 
v i s ib le  emissions was used as the indicator of the wind  erosion threshold. In 
a l l  other cases covered by the five t e s t  reports, the d i r ec t  observation of 
pa r t i c l e  movement on the surface (which occurs a t  a wind speed below tha t  
required t o  produce v is ib le  emissions) was the indicator of the erosion 
threshold. Also the surfaces encountered a t  Mine 2 were wetter than usual 
because of unfavorable weather conditions. Therefore the r e su l t s  from Mines 1 
and 2 are  excluded from the data base, except for  the t e s t s  of scoria and the 
uncrusted coal p i l e  under dry conditions. 

The t e s t  resu l t s  from Test Report 3 are not included because the special 
t e s t  plots  used i n  t h a t  s tudy  may not be representative of r e a l i s t i c  coal p i l e  
surfaces. The t e s t  plots i n  tha t  study were formed as control surfaces f o r  
the s tudy of the effectiveness of  d u s t  suppressants. 
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TABLE 6. DATA BASE FOR P R E D I C T I V E  EQUATION 

a P (g/m2) 

M a t e r i a l  u* (m/s) u * - u ~  (m/s) Obs. Pred.' 

Scor ia  (roadbed m a t e r i a l  1.33 0 0 0 
a t  Mine 2) 1.64 0.31 11 13.3 

F ine  coal  dus t  (on 
concrete pad a t  
eastern power 
p l a n t )  

0.54 0 0 0 
0.58 0.04 1.8 1.1 
0.74 0.20 8.2 7.3 
0.93 0.39 16 18.6 

Uncrusted coa l  D i l e  1.12 
(Mine 2) 1.33 

1.74 

L i g h t l y  crusted t r a c k s  0.58-0.65 
on coal  p i l e  0.87 
(Mine 3) 0.87 

0.94 
1.01 
1.01 

0 0 0 
0.21 26 7.8 
0.62 41 38.0 

0 0 0 
0.22 8.0 8.3 
0.29 3.4 12.1 
0.29 16 12.1 
0.36 29 16.6 
0.43 15 21.5 

Coal day p i l e  ( f r e s h l y  0.38 0 0 0 
stacked a t  eastern 0.52 0.14 0.72 4.6 
power p l a n t )  0.61 0.23 5.3 8.8 

0.75 0.37 9.2 17.2 

a SP (suspended p a r t i c u l a t e ) .  

P = 58.59 (u*-u*)z + 24.90 (u*-u*). 
t t 
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The test results from Test Report 5 are not included in the figures 
because only total particulate (TP) data are given. It is likely that very 
large particles transported by saltation rather than suspension were collected 
in the TP samples. Because saltating particles do not reach heights above 
about 30 cm, such particles should not be included in particulate emission 
factors. 

Based on regression analysis of the data base in Table 6, the erosion 
potential function for a dry, exposed surface was found to fit the following 
quadratic relationship: 

where u* = friction velocity (m/s) 

This equation has a 2 o precision factor o f  5.3, which represents the 95% 
confidence level for a log-normally distributed data set. 

Equations 7 and 8 apply only to dry, exposed materials with limited 
erosion potential. The resulting calculation is valid only for a time period 
as long or longer than the period between disturbances. Calculated emissions 
represent intermittent events and should not be input directly into dispersion 
models that assume steady state emission rates. Because of the nonlinear form 
of the erosion potential function, each erosion event must be treated 
separately. 

For uncrusted surfaces, the threshold friction velocity i s  best estimated 
from the dry aggregate structure of the soil. A simple hand sieving test of 
surface soil (adapted from a laboratory procedure published by W .  S .  Chepila) 
can be used to determine the mode of the surface aggregate size distribution 
by inspection of relative sieve catch amounts, following the procedure speci- 
fied in Appendix A. The threshold friction velocity for erosion can be deter- 
mined from the mode of the aggregate size distribution, as described by 
Gillette.9 This conversion is also described in Appendix A. Threshold 
friction velocities for the surface types represented in the erosion potential 
data base are presented in Table 7. 

The fastest mile o f  wind for the periods between disturbances may be ob- 
tained from the monthly LCD summaries for the nearest reporting weather 
station that is representative of the site in question.10 These summaries re- 
port actual fastest mile values for each day of a given month. Because the 
erosion potential is a highly nonlinear function of the fastest mile, mean 
values of the fastest mile are inappropriate. The anemometer heights of 
reporting weather stations are found in Reference 11, and should be corrected 
to a 10-m reference height using Equation 6. 

ut = threshold friction velocity (m/s) 

18 



TABLE 7. THRESHOLD FRICTION VELOCITIES 

Thres ho 1 d 
f r i c t i o n  Roughness Threshold wind 
v e l o c i t y  he igh t  v e l o c i t y  a t  10 m (m/s )  

Mater i  a1 (m/s) (cm) zo = Actual  zo = 0.5 cm Ref. 

Overburden a 1.02 0.3 21 19 2 
Scor ia  (roadbed 1.33 0.3 27 25 2 

Ground coa la  0.55 0.01 1 6  10 2 

Uncrusted coal  p i l e a  1.12 0.3 23 21 2 
Scraper t r a c k  on 0.62 0.06 1 5  12 2 

Fine coa l  dust  on 0.54 0.2 11 10 3 

ma te r ia l  la 
(surrounding coa l  
p i  l e )  

coal  p i l e a *  8 
concrete padC 

a Western sur face coal  mine. 

L i g h t l y  crusted.  

Eastern power p lan t .  

To conver t  t h e  f a s t e s t  m i l e  o f  wind (u+) from a re fe rence anemometer 
he igh t  o f  10 m t o  the  equ iva len t  f r i c t i o n  v e l o c i t y  (u*), t h e  l o g a r i t h m i c  wind 
speed p r o f i l e  may be used t o  y i e l d  the  f o l l o w i n g  equation: 

U* = 0.053 UT, (9)  

where u* = f r i c t i o n  v e l o c i t y  (m/s)  

u:, = f a s t e s t  m i l e  o f  re ference anemometer f o r  per iod  between 
d is turbances (m/s) 

Th is  assumes a t y p i c a l  roughness he igh t  o f  0.5 cm f o r  open t e r r a i n .  
Equat ion 9 i s  r e s t r i c t e d  t o  l a r g e  r e l a t i v e l y  f l a t  p i l e s  o r  exposed areas w i t h  
l i t t l e  pene t ra t i on  i n t o  t h e  sur face wind l aye r .  

I f  t h e  p i l e  s i g n i f i c a n t l y  penetrates the  surface wind l a y e r  (i.e., w i t h  a 
height- to-base r a t i o  exceeding 0.2), i t  i s  necessary t o  d i v i d e  t h e  p i l e  area 
i n t o  subareas represent ing d i f f e r e n t  degrees o f  exposure t o  wind. The r e s u l t s  
o f  phys ica l  modeling show t h a t  the  f r o n t a l  face o f  an elevated p i l e  i s  exposed 
t o  wind speeds o f  t h e  same order  as the  approach wind speed a t  t h e  top  of  t h e  
p i l e .  
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For two representa t ive  p i l e  shapes (con ica l  and ova l  w i t h  f l a t - t o p ,  
37 degree s ide  slope), the  r a t i o s  o f  sur face wind speed (u ) t o  approach wind 
speed (u,), have been der ived from wind tunnel  studies. '> The r e s u l t s  a re  
shown i n  F igure 2 corresponding t o  an a c t u a l  p i l e  he ight  o f  11 m, a re fe rence 
(upwind) anemometer he igh t  o f  10 m, and a p i l e  surface roughness he igh t  (2,) 
o f  0.5 cm. The measured surface winds correspond t o  a he igh t  of 25 cm above 
t h e  surface. The area f r a c t i o n  w i t h i n  each contour p a i r  i s  s p e c i f i e d  i n  
Table 8. 

The p r o f i l e s  o f  u2/ur i n  F igure  2 can be used t o  est imate the  surface 
f r i c t i o n  v e l o c i t y  d i s t r i b u t i o n  around s i m i l a r l y  shaped p i l e s ,  us ing t h e  f o l -  
lowing procedure: 

1. 

2. 

3. 

Correct  the  f a s t e s t  m i l e  va lue (u+) f o r  the pe r iod  o f  i n t e r e s t  from 
t h e  anemometer he ight  ( z )  t o  a re fe rence height  o f  10 m (u,,,) us ing  
a v a r i a t i o n  of Equat ion 1, as fo l lows:  

u:, = u+ .- 10/0.005 
I n  z/0.005 

where a t y p i c a l  roughness he igh t  o f  0.5 cm (0.005 m) has been 
assumed. I f a s i t e  s p e c i f i c  roughness he igh t  i s  ava i lab le ,  i t  
should be used. 

Use the  appropr ia te  p a r t  o f  F igure  2 based on the  p i l e  shape and 
o r i e n t a t i o n  t o  the  f a s t e s t  m i l e  o f  wind, t o  o b t a i n  the  corresponding 
sur face wind speed d i s t r i b u t i o n  (u:), i.e.. 

us + 
u10 = -  

u: 'r 

For any subarea o f  the  p i l e  sur face having a narrow range o f  sur face  
wind speed, use a v a r i a t i o n  of Equation 1 t o  c a l c u l a t e  t h e  equiv-  
a l e n t  f r i c t i o n  v e l o c i t y  (u*), as fo l lows:  

+ 
+ 0.4 us 

25 I n  - 0.5 
= 0.10 us u* = 

From t h i s  p o i n t  on, the  procedure i s  i d e n t i c a l  t o  tha t  used f o r  a f l a t  

Implementat ion o f  the  above procedure i s  c a r r i e d  out  i n  the  f o l l o w i n g  

1. Determine th resho ld  f r i c t i o n  v e l o c i t y  f o r  e rod ib le  m a t e r i a l  o f  
i n t e r e s t  (see Table 6 o r  determine from mod2 o f  aggregate s i z e  
d i s t r i b u t i o n ) .  

p i l e ,  as descr ibed above. 

steps: 
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Flow 
Direction ___, 

Pile A Pile 81 

Pile 82  Pile 83 

Figure 2. Contours o f  Normalized Surface Wind Speeds, u s / u r  
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TABLE 8. SUBAREA DISTRIBUTION FOR REGIMES OF uS/ur  

Percent of p i l e  surface area (Figure 2) 
Pi le  subarea Pi le  A Pi le  B 1  Pile 82 Pile 83 

0.2a 5 5 3 3 
0.2b 
0.2c 
0.6a 
0.6b 
0.9 
1.1 

35 2 28 25 
- 29 

48 26 29 28 
- 24 22 26 

12 1 4  15. 14 
- - 3 4 

- - 

2. 

3.  

4. 

5. 

6. 

7. 

Divide the exposed surface area in to  subareas of constant frequency 
of disturbance ( N ) .  

Tabulate f a s t e s t  mile valu? (u') for  each frequency of disturbance 
and correct them t o  10 m ( u , ~ )  using Equation 10. 

Convert f a s t e s t  mile values (u:~) t o  equivalent; f r i c t ion  ve loc i t ies  
( u * ) ,  taking into account (a )  the uniform wind exposure of 
nonelevated surfaces, us ing  Equation 9 ,  or ( b )  the nonuniform wind 
exposure of elevated surfaces (p i l e s ) .  using Equations 11 and 12. 

For elevated surfaces ( p i l e s ) ,  subdivide areas of constant N into 
subareas of constant u* ( i .e. ,  w i t h i n  the isopleth values of uS /u r  
in Figure 2 and Table 8 and determine the s ize  of each subarea. 

Treating each subarea (of constant N and u*) as a separate source, 
calculate  the erosion potential (Pi)  for  each period between distur- 
bances using Equation 8 and the emission factor  u s i n g  Equation 7. 

Multiply the result ing emission factor  f o r  each subarea by the s ize  
of the subarea, and add the emission contributions o f  a l l  
subareas. Note tha t  the highest 2 4 - h r  emissions would be expected 
t o  occur on the windiest day of the year. Maximum emissions are  
calculated assuming a s ingle  event with the highest f a s t e s t  mile 
value f o r  the annual period. 

The  recommended emission factor  equation presented above assumes tha t  a l l  
of the erosion potential corresponding to  the f a s t e s t  mile of w i n d  i s  l o s t  
d u r i n g  the period between disturbances. Because the f a s t e s t  mile event typi-  
ca l ly  l a s t s  only about 2 m i n ,  which corresponds rough ly  t o  the ha l f - l i f e  for  
the decay of actual erosion potent ia l ,  i t  could be argued tha t  the emission 
fac tor  overestimates par t iculate  emissions. However, there are  other aspects 
of the wind erosion process which of fse t  t h i s  apparent conservatism: 
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1. The f a s t e s t  mile event contains peak winds  which substant ia l ly  
exceed t h e  mean value for  the event. 

2. Whenever the f a s t e s t  mile event occurs, there are usually a number 
of periods of s l i g h t l y  lower mean w i n d  speed which contain peak 
gusts of the same order as the f a s t e s t  mile wind speed. 

Of greater  concern is the likelihood of overprediction of wind erosion 
emissions i n  the case of surfaces disturbed infrequently i n  comparison t o  the 
r a t e  of c rus t  formation. 

3.3 EXAMPLE CALCULATION--WIND EROSION EMISSIONS FROM CONICALLY SHAPED 
COAL PILE 

A coal-burning f a c i l i t y  maintains a conically shaped surge p i l e  11 m i n  
height and 29.2 m i n  base diameter, containing about 2000 Mg of coal ,  w i t h  a 
b u l k  density of 800 kg/m3 (50 l b / f t s ) .  The to ta l  exposed surface area of the 
p i l e  i s  calculated as  follows: 

S = n r  r2 + h 2  

= 3.14(14.6) (14.6)* + (11.0)2 

= 838 mz 

Coal i s  added t o  the p i l e  by means o f  a fixed stacker and reclaimed by 
front-end loaders operating a t  the base o f  the p i l e  on the downwind side. I n  
addition, every 3 days 250 Mg (12.5% of the stored capacity of coal)  is  added 
back t o  the p i l e  by a topping off operation, thereby restoring the f u l l  
capacity of the pile.  I t  is  assumed tha t  (a )  the reclaiming operation d i s -  
turbs only a limited portion of the surface area where t h e  daily ac t iv i ty  is 
occurring, such tha t  the remainder of the p i l e  surface remains in t ac t ,  and ( b )  
the topping off operation creates a fresh surface on the e n t i r e  p i l e  while 
restoring i t s  original shape i n  the area depleted by dai ly  reclaiming 
ac t i  v i  t y  . 

Because of the h i g h  frequency of disturbance of the p i le ,  a large number 
of calculations must be made to  determine each contribution t o  the to t a l  
annual wind erosion emissions. This i l l u s t r a t ion  w i l l  use a single month as 
an example. 

Step 1: In the absence of f i e ld  data f o r  estimating the threshold 
f r i c t i o n  velocity,  a value of 1.12 m/s is  obtained from Table 6. 

Except f o r  a small area near the base of the p i l e  (see Fig- 
ure 3;%:entire p i l e  surface is disturbed every 3 days, corresponding to  a 
value of N = 120/yr. I t  w i l l  be shown tha t  the contribution of the area where 
daily ac t iv i ty  occurs i s  negligible so tha t  i t  does not need t o  be treated 
separately i n  the calculations. 
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Prevailing 
Wind 
Direction - Circled values 

r e fe r  t o  u S / u r  

* A portion o f  C2 i s  disturbed da i ly  by reclaiming a c t i v i t i e s .  

P i le  Surface Area US 
Area (m2) - . %  ID L!L - 

A 0.9 12  101 

B 0.6 48 402 

335 c 1  + c2 0.2 40 - 
a38 

Figure 3. Example 1: Pi le  surface areas within each w i n d  speed regime. 
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Step 3: The calculation procedure involves determination of the f a s t e s t  
mile f o r  each period of disturbance. Figure 4 shows a representative s e t  of 
values ( fo r  a 1-month period) t h a t  are assumed t o  be applicable t o  t h e  geo- 
graphic area of the p i l e  location. The values have been separated in to  3-day 
periods, and the highest value i n  each period i s  indicated. In t h i s  example, 
t h e  anemometer h e i g h t  i s  7 m,  so t h a t  a height correction t o  10 m i s  needed 
f o r  the f a s t e s t  mile values. From Equation 10, 

+ 

+ + u, ,  = 1.05 u 7  

S tep  4: The n e x t  step i s  t o  convert the f a s t e s t  mile value fo r  each 
3-day period in to  the equivalent f r i c t i o n  veloci t ies  fo r  each surface wind 
regime (i.e., us /ur  r a t i o )  of t h e  p i l e ,  using Equations 11 and 12. Figure 3 
shows the surface wind speed pattern (expressed as a f rac t ion  o f  the  approach 
wind speed a t  a height of 10 m ) .  The surface areas lying within each wind 
speed regime are  tabulated below the f igure.  

The calculated f r i c t i o n  veloci t ies  are presented in Table 9. As indi- 
cated, only three of the periods contain a f r i c t i o n  velocity which exceeds t h e  
threshold value of 1.12 m/s f o r  an uncrusted coal pi le .  These three values 
a l l  occur within the us /ur  = 0.9 regime of t h e  p i l e  surface. 

TABLE 9. EXAMPLE 1: CALCULATION O F  FRICTlON VELOCITIES 

u: U I O  + u* = 0.1 u: ( m / s )  
3-Day 
period (mph) (m/s) (mph) (m/s)  u s / u r  [ 0.2 0.6 0.9 

1 14 6.3 15 6.6 
2 29 13.0 31 13.7 
3 30 13.4 32 14.1 - .. ~ ~~ 

4 31 13.9 33 14.6 
5 22 9.8 23 10.3 
6 2 1  9.4 22 9.9 
7 16 7.2 17 7.6 
8 25 11.2 26 11.8 
9 17 7.6 18 8.0 

10 13 5.8 14 6.1 

0.13 0.40 0.59 ~. .. 
0.27 0.82 1.23 
0.28 0.84 1.27 
0.29 0.88 1.31 
0.21 0.62 0.93 
0.20 0.59 0.89 
0.15 0.46 0.68 ~. ~. 
0.24 0.71 1.06 
0.16 0.48 0.72 
0.12 0.37 0.55 
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Figure 4. Daily f a s t e s t  miles of w i n d  f o r  periods of in te res t .  
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Step 5: Th is  step i s  no t  necessary because there i s  on l y  one frequency 
o f  d is turbance used i n  the  ca lcu la t ions .  I t  i s  c l e a r  t h a t  t h e  smal l  area o f  
d a i l y  d is tu rbance (which l i e s  e n t i r e l y  w i t h i n  t h e  us/ur = 0.2 regime) i s  never 
sub jec t  t o  wind speeds exceeding the  th resho ld  value. 

Steps 6 and 7: The f i n a l  s e t  o f  ca l cu la t i ons  (shown i n  Table 10) i n -  
volves t h e  t a b u l a t i o n  and summation o f  emissions f o r  each d is turbance pe r iod  
and f o r  t h e  a f fec ted  subarea. The eros ion  p o t e n t i a l  ( P )  i s  ca l cu la ted  from 
Equat ion 8. 

TABLE 10. EXAMPLE 1: CALCULATION OF PM-10 EMISSIONSa 

P i l e  Surface 
3-Day Area k PA 
pe r iod  u* (m/s) u* - u t  (m/s) p (s/m2) I D  ( m 2 )  (9) 

2 1.23 
3 1.27 
4 1.31 

0.11 . ~ ~~ 

0.15 
0.19 

3.45 A 101 170 
5.06 A 101 2 60 
6.84 A 101 3 50 

Tota l  PM,, emissions = 780 

c 
I 
I 
1 
I 
19 
I 
I 
I 
I 
a 
I 
I 
I 
I 
1 
# 
1 
i 

a where u t  = 1.12 m/s f o r  uncrusted coal  and k = 0.5 f o r  PM-10. 

For example, t h e  c a l c u l a t i o n  f o r  the  second 3-day per iod  .is: 

P, = 58(1.23 - 1.12)' + 25(1.23 - 1.12) 

= 0.70 + 2.75 = 3.45 g/m' 

The PM-10 emissions generated by each event are found as t h e  product  o f  
t h e  PM-10 m u l t i p l i e r  ( k  = 0.5), the  eros ion  p o t e n t i a l  (P), and the  a f f e c t e d  
area o f  t h e  p i l e  ( A ) .  

As shown i n  Table 10, the  r e s u l t s  of these c a l c u l a t i o n s  i n d i c a t e  a 
monthly PM-10 emission t o t a l  o f  780 g. 

3.4 EXAMPLE CALCULATION--WIND EROSION FROM FLAT AREA COVERED WITH COAL 
DUST 

A f l a t  c i r c u l a r  area o f  29.2 m i n  diameter i s  covered w i t h  coal  dus t  l e f t  
over f rom t h e  t o t a l  rec la iming  o f  a con ica l  coal  p i l e  descr ibed i n  the  example 
above. The t o t a l  exposed sur face area i s  ca l cu la ted  as fo l lows:  

2 2 s = d = 0.785 (29.2) = 670 m 2  
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This area will  remain exposed for  a period of 1 month when a new p i l e  wil l  be 
formed. 

Step 1: In the absence of f i e ld  data f o r  estimating the threshold 
f r i c t i o n  velocity,  a value of 0.54 m/s is  obtained from Table 7. 

Step 2: The en t i re  surface area i s  exposed for  a period of 1 month a f t e r  
removal of a p i l e  and N = l / y r .  

Ste 3: From Figure 4,  the highest value of f a s t e s t  mile for  the 30-day 
perio&mph) occurs on the  1 1 t h  day of the period. I n  t h i s  example, the 
reference anemometer height i s  7 m so tha t  a height correction 2 s  needed f t r  
the f a s t e p  mlle value. From Step 3 of the previous example, u I o  = 1.05 u 7 ,  
so tha t  u l o  = 33 mph. 

Ste 4: Equation 9 is  used t o  convert the f a s t e s t  mile value of 33 mph 
(14.6 -+ m/s t o  an equivalent f r ic t ion  velocity of 0.77 m/s. This value exceeds 
the threshold f r i c t ion  velocity from Step 1 so tha t  erosion does occur. 

Step 5: This s tep i s  not necessary because there i s  only one frequency 
of disturbance f o r  the en t i r e  source area. 

Steps 6 and 7: The PM-10 emissions generated by the erosion event are  
calculated as the product of the PM-10 multiplier (k = 0.5), the erosion 
potential  ( P )  and the source area ( A ) .  The erosion potential i s  calculated 
from Equation 8 as follows: 

P = 58(0.77 - 0.54)2 + 25(0.77 - 0.54) 
= 3.07 + 5.75 
= 8.82 g/mz 

Thus the PM-10 emissions for  the 1-month period are found to  be: 

E = (0.5)(8.82 g/m2)(670 m 2 )  

= 3.0 kg 
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APPENDIX A 

ESTIMATION OF THRESHOLD F R I C T I O N  VELOCITY 

A- 1 
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For uncrusted surfaces, the th resho ld  f r i c t i o n  v e l o c i t y  i s  best  est imated 
from t h e  d r y  aggregate s t r u c t u r e  o f  t h e  s o i l .  A s imple hand s i e v i n g  t e s t  o f  
sur face s o i l  i s  h i g h l y  des i rab le  t o  determine the  mode o f  the  sur face  aggre- 
gate s i z e  d i s t r i b u t i o n  by inspec t ion  o f  r e l a t i v e  s ieve ca tch  amounts, f o l l o w -  
i n g  t h e  procedure spec i f i ed  i n  F igure  A - 1  and Table A-1. The th resho ld  f r i c -  
t i o n  v e l o c i t y  f o r  e ros ion  can be determined from the  mode o f  t h e  aggregate 
s i z e  d i s t r i b u t i o n ,  f o l l o w i n g  a r e l a t i o n s h i p  der ived  by G i l l e t t e  (1980) as 
shown i n  F igure  A-2. 

A more approximate bas is  f o r  determin ing th resho ld  f r i c t i o n  v e l o c i t y  
would be based on hand s iev ing  w i t h  j u s t  one sieve, but  o therwise f o l l o w s  t h e  
procedure spec i f i ed  i n  F igure  A-1. Based on the  r e l a t i o n s h i p  developed by 
B i s a l  and Ferguson (1970), i f  more than 60% of the  s o i l  passes a 1-mm sieve, 
t h e  " u n l i m i t e d  r e s e r v o i r "  model w i l l  apply; i f  not ,  the  " l i m i t e d  r e s e r v o i r "  
model w i l l  apply. Th is  r e l a t i o n s h i p  has been v e r i f i e d  by G i l l e t t e  (1980) on 
deser t  s o i l s .  

I f  the  s o i l  conta ins nonerodible elements which are too  l a r g e  t o  i nc lude  
i n  t h e  s iev ing  (i.e., g rea ter  than about 1 cm i n  diameter) ,  t h e  e f f e c t  o f  
these elements must be taken i n t o  account by inc reas ing  t h e  th resho ld  f r i c t i o n  
v e l o c i t y .  Marshal l  (1971) has employed wind tunnel  s tud ies  t o  q u a n t i f y  t h e  
increase i n  the  th resho ld  v e l o c i t y  f o r  d i f f e r i n g  k inds o f  nonerodib le  e le -  
ments. H is  r e s u l t s  are depicted i n  terms o f  a graph o f  t h e  r a t e  o f  co r rec ted  
t o  uncorrected f r i c t i o n  v e l o c i t y  versus L (F igure A-3) ,  where Lc i s  the  r a t i o  
o f  the  s i l h o u e t t e  area o f  the  roughness eyements t o  the  t o t a l  area o f  t h e  bare 
loose s o i l .  The s i l h o u e t t e  area o f  a nonerodible element i s  t h e  p ro jec ted  
f r o n t a l  area normal t o  t h e  wind d i r e c t i o n .  

A value f o r  Lc i s  obtained by marking o f f  a 1 m x 1 m sur face area and 
determin ing t h e  f r a c t i o n  o f  area, as viewed from d i r e c t l y  overhead, t h a t  i s  
occupied by nonerodible elements. Then the  overhead area should be co r rec ted  
t o  the  equ iva len t  f r o n t a l  area; f o r  example, i f  a spher ica l  nonerodib le  e le -  
ment i s  h a l f  imbedded i n  t h e  surface, the  f r o n t a l  area i s  one-hal f  o f  t h e  
overhead area. Although i t  i s  d i f f i c u l t  t o  est imate Lc f o r  values below 0.05, 
t h e  c o r r e c t i o n  t o  f r i c t i o n  v e l o c i t y  becomes l e s s  s e n s i t i v e  t o  t h e  est imated 
value o f  Lc. 

The d i f f i c u l t y  i n  es t imat ing  Lc a l so  increases f o r  small nonerodib le  
elements. However, because small nonerodible elements are more l i k e l y  t o  be 
evenly  d i s t r i b u t e d  over t h e  surface, i t  i s  u s u a l l y  acceptable t o  examine a 
smal le r  sur face area, e.g., 30 cm x 30 cm. 
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1. 

2. 

3. 

4. 

5. 

6. 

Frepare a nest  of sieves with the following openings: 
1 mm, 0.5 m, 0.25 mm. Place a collector pan below the bottan 
sieve (0.25 nun opening). 

Collect a sample representing the surface layer of 100s particles 
(approximately 1 an i n  depth for  a? emrusted surface), renovix 
my rmks larger than about 1 cm in average Mysical dianeter. 
!be area to  be sanpled should not be less  t h a n  30 cm x 30 an. 

Pour the sanple into the top sieve ( 4  am o p n i n g ) ,  and place a l i d  
on the top. 

Rotate the covered sieve/pan unit by hand using broad seeping a m  
motions in t h e  h o r i m t a l  plane. Canplete 20 rotations a t  a s p e d  
just necessary t o  achieve m e  relative horizontal motion betwen 
the sievs and the particles. 

I n s p c t  the relative quantities of  catch within each sieve a d  
determine where the mode in the aggregate size distribution l i e s ,  
i .e.,  betwen the opning size of the sieve with the largest catch 
atxi the opening size o f  the next largest sieve. 

ktermine the threshold friction velccity frun Figure A-2 o r  Table A-1 

4 mn, 2 nun, 

Figure A-1. Field procedure fo r  determination of threshold 
f r i c t i o n  velocity.* 

Adapted from a laboratory procedure published by W. S. Chepil (1952). 
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T A B L E  A-1.  F I E L D  PROCEDURE FOR D E T E R M I N A T I O N  OF 
THRESHOLD F R I C T I O N  V E L O C I T Y  

T y l e r  "1 
s ieve  no. Opening (mm) Midpoint (mm) (cm/sec) 

5 4 

9 

16 

32 

60 

2 

1 

0.5 

0.25 

3 

1.5 

0.75 

0.375 

100 

72 

5a 

43 

A - 4  



I 
I 
$1 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
'I 
I 
I 
I 
I 

(3JS/U3) 

0 
0 

h 
0 

V 
0 
W 
w 

.r 

7 

L .  a h a  
U U 
0 u o  

- E  
0 = 
c C  
In0  

S 
w .- 0 
L 0  
c z l  Y 

9 
h e L  
0 0  L 

v) Y 
v) .- u n c v)a - a  C N  
N 0 '7 
.F .r v) 
v) U 

5 a 7 

Y a 
5 w 
m 
W 
L 
m 
0 
4 

.r 

u n  a 
.r .r 

n .r .r 

cu 
I 
U 
a 
L 
3 
m 
.r 
LL 

- 
6 

A-5 



I 
‘I 
I 
‘I 
I 
‘I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

u 
1 

1 
c, 
.r 
3 
h 
c, 

V 
0 

W > 
c 
0 
c, 
V 

L 
L 

u 
0 
1 
VI 
W 
L 
1 
c, 
C 

W 
VI 
m 
W 
L 
V c 

.r 

7 

.r 

.r 

7 

.r 

- 
m 
I 
U 
W 
L 
3 
m 
LL 
.C 

A-6 



I I  

I 
I 
I 
‘I 
I 
‘I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

REFERENCES FOR APPENDIX 

Bisal, F., and W. Ferguson. 1970. Effect of Nonerodible Aggregates and Wheat 
Stubble on Initiation of Soil Drifting. Canadian Journal of Soil Science, 

Chepil, W. S .  1952. Improved Rotary Sieve for Measuring State and Stability 
o f  Dry Soil Structure. Soil Science Society of American Proceedings, 

Gillette, 0. A., et al. 1980. Threshold Velocities for Input of Soil Par- 
ticles Into the Air by Desert Soils. Journal of Geophysical Research, 

Marshall, J. 1971. Drag Measurements in Roughness Arrays o f  Varying Density 

50:31-34. 

16:113-117. 

85(C10) :5621-5630. 

and Distribution. Agricultural Meteorology, 8: 269-292. 

A-7 


